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Epstein-Barr virus (EBV) latency III infection converts B lymphocytes into lymphoblastoid cell lines (LCLs)
by expressing EBV nuclear and membrane proteins, EBNAs, and latent membrane proteins (LMPs), which
regulate transcription through Notch and tumor necrosis factor receptor pathways. The role of NF-�B in
LMP1 and overall EBV latency III transcriptional effects was investigated by treating LCLs with BAY11-7082
(BAY11). BAY11 rapidly and irreversibly inhibited NF-�B, decreased mitochondrial membrane potential,
induced apoptosis, and altered LCL gene expression. BAY11 effects were similar to those of an NF-�B
inhibitor, �N-I�B�, in effecting decreased JNK1 expression and in microarray analyses. More than 80% of
array elements that decreased with �N-I�B� expression decreased with BAY11 treatment. Newly identified
NF-�B-induced, LMP1-induced, and EBV-induced genes included pleckstrin, Jun-B, c-FLIP, CIP4, and I�B�.
Of 776 significantly changed array elements, 134 were fourfold upregulated in EBV latency III, and 74 were
fourfold upregulated with LMP1 expression alone, whereas only 28 were more than fourfold downregulated by
EBV latency III. EBV latency III-regulated gene products mediate cell migration (EBI2, CCR7, RGS1, RAN-
TES, MIP1�, MIP1�, CXCR5, and RGS13), antigen presentation (major histocompatibility complex proteins
and JAW1), mitogen-activated protein kinase pathway (DUSP5 and p62Dok), and interferon (IFN) signaling
(IFN-�R�, IRF-4, and STAT1). Comparison of EBV latency III LCL gene expression to immunoglobulin M
(IgM)-stimulated B cells, germinal-center B cells, and germinal-center-derived lymphomas clustered LCLs
with IgM-stimulated B cells separately from germinal-center cells or germinal-center lymphoma cells. Expres-
sion of IRF-2, AIM1, ASK1, SNF2L2, and components of IFN signaling pathways further distinguished EBV
latency III-infected B cells from IgM-stimulated or germinal-center B cells.

Epstein-Barr virus (EBV) initially establishes latency III in-
fection in B lymphocytes. Latency III infection is characterized
by expression of EBV nuclear proteins (EBNA1, -2, -3A, -3B,
-3C, and -LP), of integral latent membrane proteins (LMP1,
-2A, and -2B), of the BamA rightward transcripts (BARTs),
and of small RNAs (EBERs) and by infected cell proliferation.
A robust T-lymphocyte immune response eliminates most la-
tency III-infected cells. Subsequently, EBV persists in resting
memory B lymphocytes that express EBNA1, LMP2a, EBERs,
and BARTs (17, 68, 85). EBNA1 is protected from proteo-
some degradation and is not presented by major histocompat-
ibility complex (MHC) class I on the infected cell surface,
enabling infected cells to evade CD8� cytotoxic T lympho-
cytes. High-level T-lymphocyte immunity to latency III-in-
fected B lymphocytes persists for life. In the absence of an
effective immune response, infected B lymphocytes can prolif-
erate without restraint and cause malignant lymphoprolifera-
tive diseases. EBV-associated lymphoproliferative diseases oc-
cur with primary infection after organ transplantation or in
previously infected people with profound immune suppression

for transplantation or as a consequence of AIDS (reviewed in
reference 76).

EBV infection of B lymphocytes in vitro also results in la-
tency III and sustained cell proliferation as lymphoblastoid cell
lines (LCLs). EBV reverse genetic analyses in the context of
primary B-lymphocyte outgrowth into LCLs indicate that
EBNA2, EBNALP, EBNA3A, EBNA3C, and LMP1 are the
critical EBV genes for LCL growth and survival. Latency III
induces B-lymphocyte proliferation and survival by constitu-
tively activating cellular signaling pathways. EBNA2, -LP, -3A,
-3B, and -3C associate with the cellular protein RBP-J�/CBF1
and regulate the transcription of promoters that are down-
stream of Notch receptor signaling, whereas LMP1 associ-
ates with tumor necrosis factor receptor-associated factors
(TRAFs), tumor necrosis factor receptor-associated death do-
main protein (TRADD), and receptor-interacting protein
(RIP), and activates the NF-�B and stress activated kinase
pathways (reviewed in reference 50).

The objective of the studies reported here is to further assess
the importance of NF-�B and LMP1 in LCL survival and in the
overall effects of latency III-regulated cell gene expression.
Mutations of the LMP1 C-terminal TRAF or TRADD/RIP
engagement sites render LMP1 ineffective in LCL outgrowth
and diminish NF-�B activation (38–40, 46–48). NF-�B inhibi-
tion in two LCL cell lines that have been in culture for many
years resulted in IB4 LCL apoptosis and sensitization of an
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LCL to daunorubicin-induced apoptosis (14, 25). Transcripts
from 1,405 of 4,146 arrayed cDNAs have been evaluated for
differences in abundance in IB4 LCLs versus latency III EBV-
infected and uninfected BL41 cells (16).

MATERIALS AND METHODS

Cell lines and antibodies. IB4 is an in vitro EBV-infected cord blood derived
LCLs (35). BL41, BL2, BL30, and Ramos are EBV-negative Burkitt’s lymphoma
(BL) cell lines. BL41 was infected, in vitro, with the B95-8 type I EBV strain to
establish BL41/EBV (5). SUDHL4 and -6 are diffuse large cell lymphomas of a
germinal-center-like phenotype, and OCI-LY3 and -10 are diffuse large cell
lymphomas of an activated B-cell phenotype (3). LCLs were established by using
the B95-8 EBV strain and were used within 4 months of initial outgrowth. IB4
cells with tetracycline (TET)-regulated �N-I�B� expression and BL41 cells ex-
pressing tTA were grown in complete medium with 1 �g of TET/ml for tTA
inactivation and in complete medium without TET for tTA activation (14, 20).
Flag-tagged LMP1 cDNA was cloned into pJEF4 (26), transfected into BL41
tTA clone 2B4, and selected with neomycin (0.8 mg/ml). Two clones with regu-
lated LMP1 were isolated (F3 and F10). TET almost abolishes LMP1 expression
in these lines and TET withdrawal induces LMP1 expression �25-fold to levels
three or four times that of IB4 cells. All lines were maintained in RPMI 1640
media supplemented with 10% fetal calf serum and L-glutamine. TET-regulated
cell lines were grown in complete medium with 0.4 mg of hygromycin/ml and 0.5
mg of neomycin/ml. Antibodies to JNK1, phospho-JNK1, p38, and phospho-p38
were purchased from New England Biolabs.

BAY11-7082 treatment of cells. BAY11-7082 [E-3-(4-methylphenylsulfonyl)-
2-propenenitrile; BAY11] was purchased from Calbiochem and reconstituted in
dimethyl sulfoxide (DMSO). LCLs in log-phase growth were adjusted to 2.5 �
105 cells per ml. BAY11 or DMSO was added at the indicated concentrations.
Cells were washed and lysed in sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis sample buffer for Western blot analysis. For fluorescence-activated
cell sorting (FACS) and confocal analyses for DNA content, cells were fixed in
70% ethanol in phosphate-buffered saline and stained with propidium iodide.
Changes in mitochondrial membrane potential (MMP) were assessed by loading
cells with 3,3�-dihexyloxacarbocyanine iodide (DiOC6; Molecular Probes) for 30
min, followed by two washes and propidium iodide staining without fixation.
Only propidium iodide-negative cells were included in the FACS analyses. CCCP
(carbonyl cyanide m-chlorophenylhydrazone; Sigma-Aldrich) was used as a pos-
itive control for loss of MMP.

Transcriptional profiling. Polyadenylated RNAs were selected with FastTrack
2.0 (Invitrogen) or Oligotex (Qiagen) after RNA extraction by using RNAzol
(Teltest). In experiment 1, RNAs were collected at the start and at 24 h with or
without �N-I�B� expression. RNAs were arrayed in comparison to lymphopool
RNA, an RNA standard collected from multiple lymphomas (1). The 24-h RNAs
with or without �N-I�B� expression were also compared directly. In the second
experiment, RNAs obtained from cells after 8, 16, or 24 h of induced �N-I�B�
expression were directly compared to RNAs from control cells manipulated in
parallel without �N-I�B� expression. RNAs from IB4 cells or LCL4 that were
treated with 6 or 3 �M BAY11, respectively, for 8 h were compared to control
cultures treated with DMSO. RNAs from BL41 cells that conditionally express
LMP1 in response to growth in TET-minus complete medium for 10 or 24 h were
directly compared to RNAs from BL41 cells with continuously repressed LMP1
expression. In other experiments, RNAs from IB4, BL2, BL30, RAMOS, BL41,
BL41-B95, LCL2, LCL14, SUDHL4 and -6, and OCI-LY3 and -10 cells, resting
and immunoglobulin-activated B cells, and purified germinal-center cells were
arrayed in comparison to lymphopool RNA. B lymphocytes (�98% pure by flow
cytometry) were isolated from peripheral blood mononuclear cells by negative
magnetic selection by using StemCell Technologies human B-cell enrichment
mixture and cultured for 0, 1, 3, 6, or 24 h at 5 � 106 cells/ml in complete RPMI
medium containing 50 �g of anti-immunoglobulin M (IgM; Jackson Laborato-
ries)/ml. Germinal-cells were purified as described previously (58). Probe cDNAs
were prepared and hybridized to Lymphochip arrays, and the data were collected
and analyzed (1–3).

Analysis. RNA was considered detected if the signal strength was greater than
twice the mean background in both the Cy3 and the Cy5 channels or if there were
�1,000 relative fluorescent units in either channel. Q values were determined by
analysis using significance analysis of microarray data (SAM) (86). Mean cen-
tering and cluster analyses used CLUSTER (24). The data sets referenced to
lymphopool RNA were mean centered in groups. Group 1 included IB4 (twice),
LCL2, LCL14, BL2, BL30, and RAMOS. Group 2 included duplicate RNAs
from BL41and BL41/B958. Group 3 included RNAs from IB4 �N-I�B� cells at

0 and 24 h of continuous �N-I�B� repression versus 24 h of �N-I�B�-induced
expression. Group 4 included all of the data from group 1 plus SUDHL4 and -6,
OCI-LY3 and -10, purified germinal-center cells (twice), and peripheral blood B
cells stimulated with anti-immunoglobulin at 0, 1, 3, 6, and 24 h. When RNAs
were directly compared to each other, the resultant data were used without
modification. The data are presented in log base 2.

To identify EBV up- and downregulated RNAs, the average of mean centered
data for latency III EBV-infected cells was referenced to the average of the mean
centered data for BL cells. LMP1 up- and downregulated RNAs were initially
identified from a single array (see Fig. 3A, lane 13) in which LMP1 expression
was induced for 24 h. EBV identifier genes have an average mean centered value
of �2 in latency III EBV-infected cells and 	1 in activated B cells, germinal-
center lymphocytes, and germinal-center derived lymphomas. Hybridization val-
ues were averaged when one gene had multiple cDNA array elements.

RESULTS

BAY11-7082 (BAY11) rapidly and irreversibly inhibits
NF-�B in LCLs. To further assess the importance of NF-�B
for LCL survival and gene expression, BAY11, an NF-�B in-
hibitor that prevents tumor necrosis factor-induced I�B� phos-
phorylation in human umbilical vein endothelial cells and
blocks constitutive NF-�B activity in pleural effusion lym-
phoma cells (49, 73), was used to inhibit NF-�B activity in IB4
and newly derived LCLs. NF-�B inhibition was evident within
5 min of LCL treatment with 5 to 10 �M BAY11 (Fig. 1A, lane
2, data shown for LCL5). Treatment for 1 h was equally effec-
tive in inactivating NF-�B for the ensuing 23 h as treatment for
24 h (Fig. 1A, lanes 5 and 6). Thus, BAY11 rapidly and irre-
versibly inhibits NF-�B in LCLs.

BAY11 stimulates p38 and slowly alters JNK1 levels but
does not affect JNK1 activity. Since BAY11 activates JNK1
and p38 in human umbilical vein endothelial cells (73), we
assessed whether BAY11 affects JNK1 or p38 kinases in LCLs.
JNK1, phospho-JNK1, p38, and phospho-p38 antibodies were
used to assess BAY11 effects in two recently transformed LCLs
(LCL1 or LCL3) and in IB4 cells (data not shown). Cells in
log-phase growth were treated with 0 or 6 �M BAY11 for 4, 8,
and 24 h. BAY11 did not affect JNK1 levels or phospho-JNK1
in LCL1, LCL3, and IB4 cells at 4 or 8 h but JNK1 expression
was slightly diminished at 24 h. JNK1 expression was similarly
decreased 2 days after �N-I�B� induction in IB4 LCLs (Fig.
1B and C).

The expression of p38 was not consistently altered over 24 h
of treatment of any LCLs (Fig. 1D, lanes 2 and 3, and data not
shown). However, phospho-p38 was higher in cells at 4 and 8 h
in BAY11-treated cells (Fig. 1D, lanes 2, 3, 5, and 6) than in
untreated cells (Fig. 1D, lanes 1 and 4). By 24 h, phospho-p38
was barely detectable in untreated or BAY11-treated cells
(Fig. 1D, lanes 7 to 9), a finding consistent with the notion that
BAY11 enhances a serum effect on p38 activity (18, 61, 64).
Thus, enhanced p38 activity may contribute to BAY11 effects
on LCLs.

BAY11 treatment decreased MMP and induced apoptosis.
Decreased MMP as assayed by DiOC6 fluorescence is a prom-
inent manifestation of �N-I�B� apoptotic effects at 2 or 3 days
after initiation of �N-I�B� induction in IB4 LCLs (14).
BAY11 treatment at 10 �M had similar effects on the DiOC6

fluorescence of IB4 or newly transformed LCLs at 16 to 24 h
(Fig. 2A, data shown for LCL5). Loss of MMP preceded a loss
of plasma membrane integrity, as assessed by the lack of pro-
pidium iodide staining, and preceded decreased cell volume, as
assessed by forward light scatter (Fig. 2A and data not shown).
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By 24 h, 15% of BAY11-treated cells were sub-2n in DNA
content compared to 4% of those treated with DMSO (Fig.
2B). Confocal analysis of 24-h BAY11-treated, fixed, and
stained LCLs revealed condensed and fragmented nuclei in-
dicative of apoptosis (Fig. 2C).

Transcriptional profiling. Transcriptional profiling by the
Lymphochip cDNA microarray (2) was used to investigate the
contribution of both NF-�B and LMP1 to EBV effects on cell
gene expression. Three sets of comparisons were made. First,
the effects of latency III EBV infection were investigated by
comparing RNAs in EBV-negative BL (BL30, BL2, and
Ramos) cells with RNAs in EBV-transformed latency III-in-
fected LCLs [IB4 (twice), LCL2, and LCL14]. Another com-
ponent of this experiment was to compare RNAs in EBV-

negative BL (BL41) cells with RNAs in the stable EBV latency
III-infected counterpart, BL41/EBV. Second, the effects of
conditional LMP1 expression on cell RNAs in BL41 cells were
compared to RNAs in BL41. Third, the role of NF-�B in RNA
abundance in EBV-transformed latency III-infected LCLs was
investigated by comparing RNAs from IB4 LCLs conditionally
expressing the dominant I�B�, �N-I�B�, with RNAs of the
same cells grown under �N-I�B� repressed conditions for 0, 8,
16, and 24 h. As a corollary to these latter experiments, RNAs
in IB4 and recently established LCL4 cells were compared to
RNAs from these LCLs after NF-�B inhibition with BAY11
for 8 h. Changes in gene expression can be compared across
the arrays; however, the relative abundance of any array ele-
ment is only quantitative within the arrays that were mean
centered together as indicated by the gray bars above the lanes
in Fig. 3 and 4.

Labeled cDNA hybridized to 8,843 of 17,856 cDNA array
elements by �2-fold over the background level in at least one
experiment and to 3,628 cDNA array elements at 2-fold over
the background in at least 70% of the arrays (complete data
are available [http://kiefflab.bwh.harvard.edu/]). Using multi-
class SAM (86), 776 (Fig. 3A) of the 3,628 elements showed
changes accepting a Q value of �5% (Q values are the lowest
false detection rate at which these genes are significantly dif-
ferent from no change). Cluster analysis (24) based on Pearson
correlation coefficients identified EBV latency III-induced
genes in LCLs versus BL30, BL2, and Ramos BL cells, EBV
latency III-induced genes in BL41, LMP1-induced genes in

FIG. 1. (A) BAY11 inhibition of NF-�B in LCLs. Electrophoretic
mobility shift assay with cell lysates after treatment for the indicated
times with DMSO (lanes 1 and 4) or 10 �M BAY11 (lanes 2, 3, 5, and
6). In lane 6, cells were treated with BAY11 for only 1 h. The asterisk
indicates a nonspecific complex. (B) BAY11 slowly downregulates
JNK expression in LCLs. LCLs were treated with DMSO or 6 �M
BAY11 for 4, 8, or 24 h. Total cell lysates were analyzed by using JNK
(top) or phospho-JNK (bottom) antibodies. (C) JNK1 expression is
downregulated by �N-I�B�. IB4 cells that conditionally express �N-
I�B� under TET control were induced for 1, 2, or 3 days. Total cell
extracts were examined for JNK expression. (D) BAY11 augments p38
activity. Cells were treated as in panel B. Western blot analyses were
performed with antibodies to p38 (top) or phospho-p38 (bottom).

FIG. 2. BAY11 treatment of LCLs causes loss of MMP and apo-
ptosis. (A) LCLs were treated with DMSO or 10 �M BAY11 for 16 h.
DiOC6 staining (indicative of MMP) of propidium iodide-negative
cells was compared to forward light scatter (indicative of cell size).
(B) LCLs were treated with DMSO or 10 �M BAY11 for 24 h, fixed,
and stained with propidium iodide for DNA content and analyzed by
FACS. (C) A portion of cells from panel B were examined by confocal
microscopy.

4110 CAHIR-MCFARLAND ET AL. J. VIROL.



FIG. 3. Transcriptional profiling by using Lymphochip. (A) Clustering of 776 significantly changed array elements. EBV-induced array elements
are indicated by a red bar; EBV-repressed array elements are indicated by a green bar; LMP1-induced array elements are indicated by the yellow
and black bar; LMP1-repressed array elements are indicated by a purple and black bar; NF-�B-induced array elements are indicated by a black
bar; EBV-induced, LMP1-induced, and NF-�B induced array elements are indicated by a blue bar; EBV-induced, LMP1-induced, and NF-�B-
repressed array elements are indicated by a pink bar; and ferritin light-chain array elements are indicated by the aqua bar. (B) 47 EBV-induced,
LMP-1 induced and NF-�B induced array elements. For both panels A and B, the lanes were as follows. Lanes 1 to 11 show the results with mRNAs
compared to a reference lymphopool mRNA. Lanes 1, 2, and 3 show the findings for Ramos, BL30, and BL2 cells, respectively. Lanes 4 and 5 show
the results for the recently established LCL2 and LCL14 lines. Lanes 6 and 7 show the results for IB4, lanes 8 and 9 show the results for BL41,
and lanes 10 and 11 show the results for BL41EBV. Lanes 12 and 13 show the findings for mRNAs at 24 h after LMP1 induction. Lane 14 shows
the findings for mRNAs at 10 h after induction. Lanes 12 to 14 show a direct comparison to the nonexpressing condition at the same time points.
In lanes 15 to 17, mRNAs are compared to a reference lymphopool mRNA. Lane 15 and 16 show results for mRNAs from conditionally expressing
�N-I�B� IB4 cells with high levels of NF-�B activity, i.e., with �N-I�B� repressed for 24 h or from the initiation of the experiment. Lane 17 shows
the results for mRNAs from the same cells with low NF-�B activity due to the expression of �N-I�B� for 24 h. In lanes 18 to 24, mRNAs from
the low-NF-�B condition are directly compared to mRNAs from the high-NF-�B condition. In lanes 18 and 19, the results are for 24 h of �N-I�B�
expression in IB4 cells; in lanes 20 and 21, the results are for 16 and 8 h of expression, respectively. mRNA abundance was directly compared
between BAY11- and DMSO-treated LCLs for 8 h. Lane 22 shows the findings for mRNAs from LCL4 that was treated with 3 �M BAY11. Lanes
23 and 24 show the findings from two independent experiments in which IB4 was treated with 6 �M BAY11. Groups that were arrayed in
comparison to lymphopool RNA and then mean centered together are indicated at the top in gray. The letter “D” indicates RNAs are compared
directly. cDNAs with an asterisk have Q values between 2 and 5%; those without an asterisk have Q values of 	2%.
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FIG. 4. Genes that change �4-fold with EBV infection or LMP1 expression. (A) EBV-induced genes; (B) EBV-repressed genes; (C) LMP1-
induced genes. No genes were repressed by LMP1 fourfold. Arrays are arranged as described for Fig. 3. Groups that were arrayed in comparison
to lymphopool RNA and then mean centered together are indicated in gray. The letter “D” indicates RNAs were compared directly. cDNAs with
an asterisk have Q values of between 2 and 5%; those without an asterisk have Q values of 	2%.
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BL41 cells, and NF-�B induced genes in LCLs (Fig. 3A, blue
bar, and Fig. 3B).

Cluster analysis of all of the array elements revealed that
RNAs in IB4 LCLs were most similar to recently derived LCLs
despite extensive passage of IB4 LCLs over the past 20 years
(Fig. 3A, lanes 4 and 5, are RNAs from early-passage LCLs
versus lanes 6 and 7, which are RNAs from extensively pas-
saged IB4). This similarity is consistent with IB4 cells still being
dependent on EBNA2 interaction with RBP-J� for c-myc ex-
pression and cell proliferation and on NF-�B activation for cell
survival (14, 20). Cell RNAs in the EBV latency III-infected
LCLs (Fig. 3A lanes 4 to 7) were also quite similar to cell
RNAs in EBV latency III-infected BL41/EBV cells (Fig. 3A,
lanes 10 to 11) or LMP1-expressing BL41 cells (Fig. 3A lanes
12 to 14) and differed extensively from RNAs in BL cells (Fig.
3A lanes 1 to 3 and 8 to 9). Thus, latency III EBV infection or
merely LMP1 expression substantially alters lymphoblast cell
gene expression.

To assess the role of NF-�B activation in EBV-transformed
LCL latency III cell RNA abundances, we examined the tran-
scriptional effects of �N-I�B� expression on IB4 cells and the
effect of BAY11 on both IB4 and recently transformed LCLs.
Despite the effect on p38 activation, the transcriptional effects
of BAY11 were remarkably similar to those caused by �N-
I�B� expression. NF-�B inhibition in IB4 LCLs by expression
of �N-I�B� for 8, 16, or 24 h (Fig. 3A, lanes 18 to 21) was
compared to NF-�B inhibition in both IB4 cells and LCL4 by
treatment with BAY11 for 8 h (Fig. 3A, lanes 23 and 24 [IB4]
and lane 22 [LCL4]). Note that in all lanes labeled D in Fig.
3A, RNAs were directly compared on the same Lymphochip.
Overall, two-thirds of the array elements were affected simi-
larly by BAY11 and �N-I�B. A total of 424 (55%) array ele-
ments decreased and 81 (11%) increased with both treatments.
BAY11 treatment at 8 h was most similar to �N-I�B� expres-
sion at 24 h, reflecting the difference of the kinetics of NF-�B
inhibition (Fig. 3A, compare lane 19, which shows �N-I�B�
induction at 24 h, with lane 24, which shows BAY11 treatment
at 8 h). BAY11 treatment (Fig. 3A, lanes 22 to 24) differed
from �N-I�B� expression (Fig. 3A, lanes 18 to 21) by causing
increased ferritin light-chain expression (Fig. 3A, aqua bar).
This discrepancy may be due to BAY11-mediated activation of
p38.

The greatest decrease in expression levels after NF-�B in-
hibition occurred for 47 cDNA array elements (Fig. 3B). These
array elements were also EBV latency III and LMP1 induced.
On average, these cDNAs were 1.6-fold less abundant in LCLs
in which NF-�B was inhibited, 4-fold more abundant with
LMP1 expression, and 1.9-fold more abundant in EBV latency
III-infected cells than in BL cells. These 47 array elements
were significantly changed in all of the arrays, with an average
Q value (false detection rate) of 1%. The 47 array elements are
encoded by 21 unique genes. The abundance of these RNAs
began to decrease after only 8 h of �N-I�B� induction. Newly
identified EBV-induced, LMP1-induced, and NF-�B-induced
genes in LCLs include the pleckstrin, Jun-B, c-FLIP, NF-�B1
and -�B2, I�Bε, and CIP4 genes. Other genes in this cluster
have been identified as EBV or LMP1 induced (RANTES,
CD54, TRAF1, BFL-1, CD40, EBI3, CD83, CD95, and A20
genes) (22, 23, 54, 84, 92), as NF-�B induced in LCLs (A20,
TRAF1, EBI3, CD54, CD95, BFL-1, and c-IAPs genes) (14,

22), or as NF-�B induced in other cells (c-FLIP, Jun-B, c-IAP,
CD83, BCL-XL, NF-�B1 and -�B2, and I�B� genes) (4, 8, 12,
19, 36, 37, 57, 59, 63, 65, 66, 89, 96). Many of these genes
regulate NF-�B (e.g., I�B�, I�Bε, and NF-�B1 and -�B2
genes), protect cells from apoptosis (e.g., c-FLIP, A20, c-IAPs,
BFL-1, BCL-XL, and TRAF1 genes), or regulate other cellular
responses (e.g., RANTES, CD54, CD83, pleckstrin, and CIP4
genes).

NF-�B has a more significant role in EBV regulation of cell
gene expression than is evident from consideration of the 47
most highly NF-�B upregulated RNAs. Of all NF-�B-upregu-
lated array elements, 277 were EBV upregulated, and 84 were
EBV downregulated. As anticipated, most NF-�B- and EBV-
induced array elements were also LMP1 induced (Fig. 3A).
NF-�B-induced and EBV-repressed array elements were usu-
ally LMP1 repressed (Fig. 3A). Only MIP1� and MIP1
, both
EBV- and LMP1-induced genes, showed increased expression
with NF-�B inhibition (Fig. 3A, small pink bar, and Fig. 4C).

Of the 776 significantly changed array elements, 480 were
EBV latency III induced since they were expressed at higher
levels in EBV latency III converted BL cells than in EBV-
negative BL cells (Fig. 3A, red bar) and 296 were EBV latency
III repressed since they were expressed at lower levels in EBV
latency III-converted BL cells than in EBV-negative cells (Fig.
3A, green bar). Overall, the effects were modest. Only 383
array elements were EBV induced more than twofold; of these,
134 were induced more than fourfold. Similarly, only 219 array
elements were EBV repressed more than twofold; of these,
only 28 were repressed more than fourfold.

The 134 array elements induced by EBV more than fourfold
are encoded by 68 genes (Fig. 4A). All 68 genes changes were
significant, with Q values of 	2%, except for CYB5, which had
a Q value of 	5% (Fig. 4A). Of these 68 gene changes, 34 were
induced by LMP1 and 18 were NF-�B induced. Most other
EBV-induced genes are probably upregulated by EBNA2.
Many of these 68 genes had been identified as EBV induced by
comparison of EBV-positive and -negative BL cells by FACS,
previous microarray studies, or by subtractive hybridization;
these genes include MIP1�, DNASE1L3, CCR7, EBI2,
MARCKS, CD23, CD39, MHC class I and II molecules, A20,
TRAF1, CD58, vimentin, CD83, CD95, SHP-1, SLAM, STAT1,
CD21, NK4, MXA, and the interferon (IFN)-induced genes
1-8D, 1-8U, and 9-27 (7, 9, 10, 16, 23, 54, 70, 84, 91). Some of
the new EBV-induced genes encode components of the IFN
pathway (IRF-4 and IFN-�R�), B-lymphocyte receptor-medi-
ated NF-�B activation (PKC
) (82), tyrosine kinase signaling
(SKAP55) (62, 95), mitogen-activated protein kinase signaling
(DUSP5 and p62Dok) (44, 52, 94), vesicular transport
(RAB27A and RAB22B) (45, 78, 94), or chemotaxis (RGS1)
(69, 75).

EBV repressed 28 array elements more than fourfold. These
28 elements were encoded by 17 genes (Fig. 4B). Most genes
changes were highly significant, with Q values of 	2%; only
Ig-�-like 1, GLUT5, and CXCR5 had Q values of between 2
and 5%. PKA-RII
, CD10, and Ig-�-like 1 had been iden-
tified as EBV repressed (16, 92). New EBV-repressed genes
included transcription factors B-Myb and MEF2B, cyclin
D3, chemokine receptor CXCR5, the G�iGTPase-activating
protein RGS13, the B-lymphocyte receptor signaling com-
ponent CD79B, the Campath1 antigen CD52, and the TAP-
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independent MHC class I peptide delivery protein JAW1
(Fig. 4B). Genes such as CDC25C, HMG-I, PCNA, RFC,
E2F5, ZAP70, SOD1, and 14-3-3ε, which have been re-
ported to be EBV repressed more than twofold, were con-
firmed (data not shown) (7, 16).

LMP1 significantly contributes to EBV effects and induced
at least 210 of the 480 EBV-induced array elements (Fig. 3A,
yellow striped bars); 161 were induced �2-fold. LMP1 also
repressed 172 of 296 EBV-repressed array elements (Fig. 3A,
purple areas). Only 24 elements were repressed more than
twofold, and none were repressed more than fourfold. LMP1
effects were concordant with EBV effects except for FcR�II
and Glutaredoxin (Fig. 4A and data not shown), which were
EBV induced and LMP1 repressed and CXCR5 (Fig. 4B),
which was EBV repressed and LMP1 induced.

LMP1 induced 74 array elements �4-fold; these 74 array
elements are encoded by 35 genes (Fig. 4C). Newly identified
LMP1-induced genes include IRF-4, HVEM, NK4, FGFR2,
RGS1, pleckstrin, MIP1
, SLAM, and SH3-SAM. Many of the
35 are known targets of the NF-�B pathway and are NF-�B
induced in LCLs (Fig. 4C).

LCLs resemble antigen-activated B lymphoblasts in the ex-
pression of adhesion and activation markers. The extent to
which LCL gene expression resembles that of antigen-acti-
vated B cells was assessed by comparing LCL RNA abun-
dances with those of anti-IgM-stimulated peripheral blood B
cells, BL cells, purified germinal-center cells, and four diffuse
large cell lymphoma cell lines, two of which have a GC-like
phenotype (SUDHLs) and two of which have an activated
phenotype (OCI-LYs). Multiclass SAM analysis indicated that
3,399 cDNA array elements were significantly different be-
tween cell types, with Q values of 	5%. These 3,399 were
further characterized by Pearson correlation coefficients by
using cluster analysis of both the genes and the arrays. LCLs
clustered with IgM-stimulated B cells and were separate from
germinal-center cells or B-cell lymphomas with a germinal-
center origin (Fig. 5, array tree).

Two nodes, comprising 633 array elements encoded by 440
genes, clearly show the distinction between activated lympho-
cytes and LCLs versus GC cells (Fig. 5). The first node encom-
passes genes that are expressed at relatively high level in LCLs
and IgM-simulated B cells. Within this group are genes that
were previously characterized as differentially expressed in ac-
tivated versus germinal-center cells (Fig. 5A, orange text), in-
cluding TCPTP, APR, BCL-2, CYP2a1, PBEF, and Id2 (3).
Many EBV-induced genes (Fig. 5A, pink text), LMP1-induced
genes (Fig. 5A, green text), and EBV- and LMP1-induced
genes (Fig. 5A, purple text) are in this node. Some, such as
EBI2, SP100, and PP2A
, are activation signature genes and

EBV induced (Fig. 5A, black text), and others, such as IRF-4
and interleukin-6, are activation signature genes and both EBV
and LMP1 induced (Fig. 5A, asterisks). The second node en-
compasses genes that are expressed at lower levels in LCLs and
IgM-stimulated B cells than in germinal-center B cells or ger-
minal-center-derived lymphomas. TTG-2, PKC
, A-myb,
BCL-7, OGG1, and BCL-7A are germinal-center signature
genes that are expressed at low levels in LCLs (Fig. 5B, blue
text) (3). Some genes in this cluster, such as MEF2b, CD79B,
and GLUT5, were identified as EBV repressed in these studies
and are not part of the germinal-center signature (Fig. 5B,
purple text), whereas JAW1, CD10, and RGS13 are EBV-
repressed and germinal-center signature genes (Fig. 5B, black
text). Overall, EBV latency III gene expression is similar to
that of IgM-stimulated B cells.

Distinguishers of EBV latency III infection. The EBV sig-
nature overlapped so extensively with the activation cell signa-
ture that we used the term “distinguishers” to designate a set
of 32 genes that are expressed at high levels in latency III
EBV-infected cells and are expressed at low levels in both
germinal-center and anti-IgM-stimulated B cells (Fig. 6). We
did not find any genes that were uniquely repressed by EBV
infection. These EBV distinguishers included 15 genes that
were induced more than fourfold by EBV latency III infection
relative to BL cells (BL cells have a GC phenotype). These
included STAT1, interleukin-2R
, NK4, CD39, Galectin-1,
MHC class II DP �, DNASE1L3, TIMP-1, IFN-IND, protein
9-27, Fc�RII, STAF50, GBE1, FGFR2, FLJ22457, and Legu-
main. Interestingly, only NK4, RANTES, STAT1, and FGFR2
were LMP1 induced, and only NK4 and RANTES showed any
NF-�B induction in these studies.

DISCUSSION

In the experiments described here, we treated six recently
transformed LCLs with BAY11 to inhibit NF-�B and observed
transcriptional and apoptotic effects similar to those previously
observed after overexpression of the dominant-positive mutant
IkB� in IB4, a long-term LCL (14). All six LCLs were depen-
dent on NF-�B for survival. Further, survival genes were iden-
tified that are temporally and critically dependent on NF-�B
activity in these LCLs. Thus, NF-�B activation and genes reg-
ulated by NF-�B activation are attractive targets for treating
EBV-associated lymphoproliferative diseases.

BAY11 caused the rapid and irreversible inhibition of NF-
�B, loss of MMP and apoptosis. BAY11 is a propenenitrile
that may act by modifying cysteine residues. Since IKK
-C179

is critical for arsenite inhibition of NF-�B activation, BAY11
effects could be mediated by IKK
-C179 modification (43).

FIG. 5. LCLs are more similar to IgM-stimulated B cells than germinal-center B cells or diffuse large-cell lymphomas (DLCLs). mRNAs
abundance for 3,399 cDNAs was compared among LCLs (lanes 1 to 4), IgM-stimulated B cells (lanes 5 to 9), germinal-center B cells (lanes 10
to 11), DLCLs (lanes 12 and 16 to 18), and BL cells (lanes 13 to 15). Cluster analysis determined the order of the arrays shown by the array tree.
Two nodes exemplifying the differences between the two main branches of the array tree are shown. (A) Genes highly expressed in LCLs and
IgM-stimulated B cells. Genes labeled in pink were identified as EBV induced, genes labeled in orange were identified as part of an activated
signature, genes labeled in green were identified as LMP1 induced, genes labeled in purple were identified as EBV and LMP1 induced, genes
labeled in black were identified as EBV induced and part of the activated signature, and genes labeled with asterisks were identified as EBV
induced, LMP1 induced, and part of the activation signature. (B) Genes expressed at low levels in LCLs and IgM-stimulated B cells. Genes labeled
in purple were identified as EBV repressed, genes labeled in blue were identified as part of the germinal-center signature, and genes labeled in
black were identified as both EBV repressed and part of the germinal-center signature.
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BAY11-induced apoptosis was similar to �N-I�B�-medi-
ated apoptosis. Although BAY11 decreased MMP and in-
duced apoptosis with a condensed time course relative to �N-
I�B�, the more rapid effect of BAY11 is consistent with its
almost immediate effect on NF-�B inhibition versus the 24-h
delay in NF-�B inhibition that is necessary for the induction of
�N-I�B� expression (14). BAY11 was also similar to �N-I�B�
in inhibiting expression of the antiapoptotic genes CD40, NF-
�B2, NF-�B1, A20, BFL-1, BCL-XL, TRAF1, c-FLIP, and
c-IAPs (14) (Fig. 4B).

BAY11 did affect stress-activated kinases, transiently in-
creased p38 phosphorylation, and slowly decreased JNK1 ex-
pression, but these effects are unlikely to substantively differ-
entiate BAY11-mediated apoptosis from that mediated by
I�B�. Bay11 and I�B� had similar transcriptional effects over-
all (Fig. 3), including effects on JNK1 expression (Fig. 1 and
data not shown). Since JNK activity is thought to promote
apoptosis (60, 83), decreased JNK1 expression would be an-
ticipated to have a survival effect. With regard to p38, BAY11
inhibits NF-�B and induces apoptosis in pleural effusion lym-
phoma cells without affecting p38 activity (49). Moreover, in
preliminary experiments with BAY11 and a specific p38 inhib-

itor, SB203580, p38 inhibition did not affect BAY11-mediated
apoptosis in LCLs.

These experiments strongly support the hypothesis that
LCLs depend on NF-�B for survival. Using transcriptional
profiling, we delineated a group of NF-�B-dependent genes
that are EBV- and LMP1-induced. LMP1 has oncogene effects
and provides survival signals in BL cells (33, 79, 90); the cluster
of EBV-induced, LMP1-induced, and NF-�B-dependent genes
are excellent candidates for regulators of LCL growth and
survival. This cluster (Fig. 4B) includes the antiapoptotic A20,
c-FLIP, c-IAP2, BCL-X, and BFL-1 genes. Decreased c-IAP2
likely contributes to caspase-3 activation and decreased c-FLIP
to caspase-8 activation. c-IAP2 mRNA levels decreased at 16 h
after �N-I�B� expression (Fig. 4B, lane 21), whereas c-FLIP
mRNA levels decrease at a later time; this likely explains the
more immediate effect of �N-I�B� expression on caspase-3
activation than on caspase-8 activation (14).

Although NF-�B inhibition by �N-I�B� expression results
in caspase activation, cells treated with zVAD.fmk still die,
indicating that another critical cell death pathway is activated
(14). The loss of MMP by both �N-I�B� and BAY11 points to
a mitochondrial target of NF-�B-mediated protection in LCLs.
Consistent with earlier findings (81), MCL1, BCL-2, BCL-X,
and BFL-1 were the antiapoptotic BCL-2 family members ex-
pressed in the LCL studies here. Both BFL-1 and BCL-X
RNAs decreased twofold after 24 h of �N-I�B� expression,
but BCL-X protein levels did not decrease over 3 days of
�N-I�B� expression (14).

BAX may be a key effector of apoptosis after NF-�B inhi-
bition. BAX is easily detected by the microarray, whereas BAK
is only detected in IB4 cells and not in the BL cells or other
LCLs tested (data not shown). NF-�B inhibition resulted in
BAX activation as assessed by immunodetection of the amino
terminus (data not shown). Furthermore, forced dimerization
of BAX causes apoptosis in a manner similar to �N-I�B�
expression (14, 28). BAX activation after NF-�B inhibition
may be mediated by decreased in BFL-1 expression and/or by
tBID via the caspase pathway. Decreased BFL-1 expression
may liberate BAX directly or by liberating a BH3-only family
member, which can activate BAX. BH3-only family members
that were detected in LCLs by these arrays included BAD,
BID, BIK, and BNIP3 (data not shown). BNIP3 is of potential
interest since overexpression causes apoptosis in a caspase-
independent manner by effects on the transition pore (87).

In addition to genes that directly inhibit apoptosis, the clus-
ter of EBV-induced, LMP1-induced, and NF-�B-dependent
genes included genes that regulate the NF-�B pathway, as well
as adhesion, the cytoskeleton, and cytokines. With NF-�B in-
hibition, LCLs deaggregate due to decreased ICAM1 and
LFA-1 expression (22, 91). Decreased integrin signaling may
contribute to LCL apoptosis since LCL growth is dependent
on cell-cell contact (27). The effects of downregulation of
pleckstrin and CIP4 on the LCL cytoskeleton have not been
characterized.

NF-�B has an important role in the upregulation of many
more genes than are grouped in the EBV- and LMP-induced
and NF-�B-dependent mRNA cluster (Fig. 4B). Although
these mRNAs showed the greatest decrease in expression after
NF-�B inhibition, this reflects both NF-�B dependence and a
shorter mRNA half-life. Most if not all RNAs in this cluster

FIG. 6. EBV latency III distinguishers. Genes expressed at high
levels in LCLs and not in IgM-stimulated B cells or germinal-center
cells. Genes identified as EBV induced by �2-fold in these studies are
indicated. The genes were identified as IFN responsive in a separate
study (21). Genes with GTGGGAA within 5 kb 5� of the transcrip-
tional start site are indicated. cDNAs with an asterisk have a Q value
of between 2 and 5%; those without an asterisk have Q values of 	2%.
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have half-lives of 	2 h, with the JUN-B RNA half-life being as
short as 11 min (55, 74). Given their dynamic regulation, the
proteins of this cluster are likely to be particularly important in
regulating cell survival, but other equally NF-�B-dependent,
prosurvival mRNAs may simply have longer half-lives; some of
these may encode less-stable proteins.

EBV-induced changes in gene expression are largely medi-
ated by LMP1 and EBNA2. Here we assess directly the ability
of LMP1 and EBV to change cell gene expression in a BL
background. LMP1 expression in BL41 cells induced changes
in gene expression of a greater magnitude than were evident
with stable latency III EBV infection in BL cells. In part this
may be due to three- to fivefold overexpression of LMP1 in the
BL41 cells at 24 h after induction. Nevertheless, the effects
were concordant with EBV infection, and overall, most of the
gene changes observed in the entire array could be attributed
to LMP1 expression in the absence of all of the other latency
proteins. However, if we examine the genes that are induced
more than fourfold by EBV latency III infection, many were
unaffected by LMP1 expression and are likely EBNA2 in-
duced. Or, like CD23 (92), other EBV-induced genes may
require both EBNA2 and LMP1 for maximal expression.

The similarity between antigen-activated B lymphocytes and
EBV latency III infection is further evidence that EBV has
evolved to mimic normal B-cell activation and proliferation.
EBNA2 drives cell proliferation through c-Myc activation (20,
42), whereas LMP1 and NF-�B engender an antiapoptotic
state that allows cell survival (14) (Fig. 2). EBV latency III-
infected cells may alter migration through the induction of the
chemokine receptors, EBI2 and EBI1/CCR7, and repression of
CXCR5 (9) (Fig. 4). These changes may redirect the homing of
LCLs away from the B-cell zone of germinal centers (71).
Latency III infection, by mimicking antigen activation, may
enable the survival of the infected cell and thereby permit
differentiation toward latency I and a memory cell phenotype,
independent of antigen stimulation or the germinal-center re-
action (6).

EBV latency III infection increases MHC-based antigen
presentation to ensure the limited proliferation and timely
elimination of excess latency III-infected cells by cytotoxic T
cells. Latency III is associated with a switch from proteosome-
independent to proteosome-dependent antigen processing and
presentation, as well as high-level MHC class I and II expres-
sion. EBV infection induced MHC class I and II mRNAs
fourfold and 
2-microglobulin and LMP2 proteosome subunit
mRNAs two- to threefold (data not shown), and repressed
JAW1 mRNA fourfold; JAW1 delivers peptides to the class I
pathway independent of TAP proteins (80). Thus, EBV infec-
tion, LMP1 expression, and NF-�B activation provide survival
signals engender immune clearance of latency III cells and
likely enable the transition into latency I-infected B cells.

The extent that EBV is similar to antigen-activated B cells
reflects LMP1 mimicking of CD40 signaling and, to a limited
extent, LMP2a mimicking of BCR signaling (13, 15, 31, 51, 67).
However, of the EBV latency III distinguishers, only NK4,
RANTES, STAT1, and FGFR2 were LMP1 induced. EBV
latency III most obviously differs from antigen-activated cells
because the Notch and PU.1 pathways are constitutively acti-
vated or regulated by EBNA2, -LP, -3A, and -3C (29, 30, 34,
41, 53, 56, 77, 88, 98, 99). Therefore, genes expressed at high

levels in LCLs and not in anti-immunoglobulin G-stimulated
peripheral B cells or GC cells are likely to be regulated by the
EBNAs. EBNA2 associates with RBP-J�, and 15 of the 32
genes in the EBV latency III distinguisher group have RBP-J�
binding sites within 5 kb upstream of their transcriptional start
sites (Fig. 6).

LCLs also differ from antigen activated B cells by the ex-
pression of alpha IFN (IFN-�), IFN-
, and IFN-� (11, 16, 93;
data not shown). This may be a reminder of the importance of
the presence of the EBV genome, which encodes RNAs from
both DNA strands in latency III EBV infection (32, 72). EBV
latency III distinguishers that may be downstream of IFN in-
duction include IRF-2, PML, MxB, RANTES, STAT1, MHC
class II proteins, IFN-IND 9-27, and STAF50 (21). We also
note that EBV induced IFN-�R�, STAT1, tyk2, and IRF-4, all
of which may contribute to the increase IFN effects (7, 16).
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